Abstract The regulatory roles of temperature, eutrophication and oxygen availability on benthic nitrogen (N) cycling and the stoichiometry of regenerated nitrogen and phosphorus (P) were explored along a Baltic Sea estuary affected by treated sewage discharge. Rates of sediment denitrification, anammox, dissimilatory nitrate reduction to ammonium (DNRA), nutrient exchange, oxygen (O 2 ) uptake and penetration were measured seasonally. Sediments not affected by the nutrient plume released by the sewage treatment plant (STP) showed a strong seasonality in rates of O 2 uptake and coupled nitrification-denitrification, with anammox never accounting for more than 20 % of the total dinitrogen (N 2 ) production. N cycling in sediments close to the STP was highly dependent on oxygen availability, which masked temperaturerelated effects. These sediments switched from low N loss and high ammonium (NH 4 ? ) efflux under hypoxic conditions in the fall, to a major N loss system in the winter when the sediment surface was oxidized. In the fall DNRA outcompeted denitrification as the main nitrate (NO 3 -) reduction pathway, resulting in N recycling and potential spreading of eutrophication. A comparison with historical records of nutrient discharge and denitrification indicated that the total N loss in the estuary has been tightly coupled to the total amount of nutrient discharge from the STP. Changes in dissolved inorganic nitrogen (DIN) released from the STP agreed well with variations in sedimentary N 2 removal. This indicates that denitrification and anammox efficiently counterbalance N loading in the estuary across the range of historical and present-day anthropogenic nutrient discharge. Overall low N/P ratios of the regenerated nutrient fluxes impose strong N limitation for the pelagic system and generate a high potential for nuisance cyanobacterial blooms.
Introduction
The Baltic Sea has a long history of eutrophication and water anoxia (Zillén et al. 2008; Conley et al. 2009 ). The spreading of hypoxia and anoxia in the bottom waters since the 1960s (Elmgren 2001; Conley et al. 2009 ) is generally thought to be responsible for significant N loss due to enhanced denitrification in the water column (Rönner 1985; Vahtera et al. 2007) . While an N deficit in the Baltic has been identified based on budget calculations ), coupled physical biogeochemical models (Meier et al. 2012) , and gas inventories (Löffler et al. 2011) , there have been few direct rate measurements in sediments and the water column (Deutsch et al. 2010; Jäntti et al. 2011; Hietanen et al. 2012; Dalsgaard et al. 2013 ). The regional and spatial coverage of benthic flux data for the Baltic is low and most of the existing studies have not investigated the key regulators of benthic N cycling such as temperature, oxygen availability and demand, presence/absence of macrofauna, sedimentary organic matter content, or variable nutrient loading from human activities. Furthermore, for some of the most highly impacted areas of the Baltic Sea the published rates of N 2 production refer to a single campaign and do not have a temporal resolution that is high enough to catch the seasonal variability or the steep horizontal and vertical gradients of potentially regulating factors (Hietanen 2007; Deutsch et al. 2010; Jäntti and Hietanen 2012) .
Even though major nutrient reduction strategies have been agreed to for the Baltic Sea catchment area, hypoxia has further expanded over the past 10 years and now affects both central basins and the coastal zone Conley et al. 2011) . Recently it has been suggested that the reduction of nutrient levels alone may not be able to neutralize or reverse the impact of eutrophication (Duarte et al. 2009 ). This points to the importance of internal dynamics for sustaining long-term eutrophication and emphasizes the need for temporally and spatially resolved benthic studies focusing on respiration and nutrient regeneration. Disappearance/decrease of the oxic sediment surface layer following anoxia/hypoxia makes the path of NO 3 -to the anoxic horizon thinner Rysgaard et al. 1994) . This can either stimulate denitrification if NO 3 -is abundant in the bottom water, or inhibit nitrification, which is generally thought to be the major NO 3 -source within sediments, and can therefore limit denitrification . Furthermore, excess accumulation of organic matter with low C/N ratio and the occurrence of free hydrogen sulfide can favor the dissimilatory reduction of nitrate to ammonium (DNRA)-a process that leads to N recycling instead of N removal (Christensen et al. 2000; An and Gardner 2002) . The wide significance of DNRA in estuarine and coastal sediments has been recognized only very recently (Gardner et al. 2006; Dong et al. 2011) , and it has been suggested that its importance was largely underestimated in previous budgets (Burgin and Hamilton 2007) . Finally, anammox (the anaerobic oxidation of ammonium coupled to nitrite reduction) was demonstrated to play a role together with denitrification in the removal of fixed N 2 in coastal zones and estuaries, even though anammox accounts for B30 % of the N 2 production in such ecosystems Hulth et al. 2005) . However, the relevance of anammox in systems affected by variable degrees of eutrophication and hypoxia is still debated. Recent experiments in the North Sea revealed that anammox rates did not change during exposure to short-term hypoxia (Neubacher et al. 2011) , whereas prolonged hypoxia significantly stimulated anammox activity (Neubacher et al. 2013) . Under anoxic conditions, inorganic P is efficiently regenerated, in particular in iron-rich sediments (Sundby et al. 1992 ). It is not clear how bottom water oxygen concentrations and organic matter content and composition affect benthic microbial N transformation pathways and alter the stoichiometry of regenerated N and P in eutrophic seas. In particular the proportion of recycled N as NH 4 ? versus the amount of lost N via denitrification or anammox need to be better quantified and related to the regenerated P pool (Vahtera et al. 2007; Jäntti and Hietanen 2012) .
This study presents a comprehensive set of seasonal measurements carried out in an estuary on the western border of the Baltic Sea, which has a 40 year-long record of anthropogenic organic matter and nutrient loading. Sedimentary O 2 consumption, NO 3 -reduction processes, inorganic N and P regeneration and their regulating factors were investigated in intact sediments, collected in a grid of stations along a wellestablished eutrophication gradient. To our knowledge, this is one of the few studies where an array of benthic N processes, the stoichiometry of N and P regeneration and their porewater profiles, C and N sedimentary stable isotope composition, diffusive and total O 2 uptake were simultaneously measured on a seasonal basis along an anthropogenically impacted estuary. Finally, a budget of N and P recycled in the estuary is proposed and compared to a previous scenario when the STP discharged three times more nutrients than nowadays.
Materials and methods

Site description
Himmerfjärden ( Fig. 1 ) is an estuary with a surface area of 174 km 2 and a north to south salinity gradient increasing from 5.5 in the inner part to 7.0 at the opening to the Baltic. Himmerfjärden is morphologically characterized by four basins, divided by a number of sills. Water sources to the estuary derive from: (1) moderate land run-off, (2) outflow from Lake Mälaren in the northernmost part, (3) discharge of the sewage treatment plant (STP) (Engqvist and Omstedt 1992) . The STP, built in the early 1970s, treats sewage water from 280,000 inhabitants and its inorganic effluent is discharged mainly in the form of DIN and DIP to the inner basins (Savage et al. 2004 ). The estuary undergoes thermohaline stratification during late summer and autumn, especially in the inner part, which experiences regular seasonal hypoxia in the bottom water. Hypoxia has also been reported occasionally for the outer basins of the estuary when winds are weak and circulation is inhibited (Elmgren and Larsson 1997) . Bottom water and sediment samples were taken from three stations along Himmerfjärden (H6, H4 and H2), and from one ''control'' station located outside the morphological boundaries of the estuary, with the same salinity of the open Baltic proper (B1) (Fig. 1 ). Samples were collected in May, June, August, October 2011 and January 2012 (Table 1) . Stations B1 and H2 have soft muddy sediment, while the sediment at H4 is characterized by muddy clay and fine sand. Station H6 is located close to the STP in the inner part of the bay and the sediment at this station is soft, laminated black mud. Sediment accumulation rates range from 0.98 cm year -1 in the innermost part of the estuary to 0.77 cm year -1 in the outermost part (Thang et al. 2013 ).
Sampling activities
Temperature, salinity and dissolved oxygen in the water column were measured with a CTD system equipped with a fast-responding Rinko oxygen optode (Sea & Sun Technology), which was field-calibrated before each deployment. Bottom water was collected with a 5 L Niskin bottle. Sediment was retrieved in acrylic core liners (i.d. 9 cm, height 60 cm, n = 8-10 for each station) using a multicorer (K.U.M. Umweltund Meerestechnik Kiel). Intact cores with undisturbed sediment surface were subsampled onboard in smaller acrylic liners (i.d. 3.6 cm, height 25 cm). To avoid sediment compaction during subsampling liners with 2-mm thick walls and beveled ends were employed. The sediment height in the subsampled cores was approximately 12 cm. All the sediment cores were subsequently stored in boxes submersed in cooled bottom water from the same station and transported within 1 h after their collection to the Stockholm University Marine Field Station on Askö, where they were maintained in the dark in a cold room and constantly stirred with magnetic bars at in situ temperature.
Sediment characteristics and profiles
From each station an intact sediment core of 9 cm i.d. was sliced at intervals of 0.5 cm down to 2 cm depth for the analysis of the concentration and stable isotope composition of organic carbon and N. Samples were maintained frozen at -80°C. The sediments were further sliced to 10 cm depth at 1-cm intervals to determine their water content and porosity. The water content was calculated by measuring the wet and dry weight of 5 mL sediment after drying at 105°C.
A replicate core of the same size was used for nutrient porewater profiles. The core was sectioned into slices of 3 mm for the top 2 cm, then further in intervals of 5 mm to 5 cm depth, and in 10 mm intervals to 10 cm depth. In May 2011 the profiles were measured to a depth of 20 cm. The sediment slices were centrifuged and the supernatant was immediately filtered through Whatman GF/F filters and frozen at -80°C for later analysis of dissolved inorganic nitrogen (DIN) and dissolved inorganic phosphorus (DIP). Before slicing, the overlying water was sampled with a plastic syringe, filtered and frozen in order to determine nutrient concentrations in the bottom water (Table 1) .
At each station three to five O 2 microprofiles were measured in at least two 3.6 cm i.d. intact cores using Clark-type oxygen microelectrodes (OX-50, Unisense) mounted on a manual micromanipulator (MM33, Unisense). The vertical resolution was 50 lm. Measurements were performed in the dark at in situ temperature. In order to have sufficient water stirring during measurements an overlying water column of *2 cm was left in the sediment core and aerated by a flow of atmospheric air. When in situ O 2 concentration was far from air saturation the stirring was provided by bubbling the overlying water with a mixture of N 2 and air designed to keep oxygen concentrations low. However, due to the small volume of water left in the sediment cores, in several cases it was difficult to reproduce accurately the in situ O 2 conditions (see below).
The diffusive flux of PO 4 3-and NH 4 ? (J) was calculated from the Fick's first law of diffusion:
where u is sediment porosity, D s is molecular diffusivity in sediment, and qC/qx is the concentration gradient, assuming steady state. D s was calculated according to Iversen and Jørgensen (1993) :
The diffusion coefficient in free water (D 0 ) was calculated according to Schulz (2006) . Sediment oxygen consumption as a function of depth was calculated using the numerical procedure for interpretation of O 2 microprofiles, PROFILE (Berg et al. 1998) , and from the mean profiles the diffusive oxygen uptake (DOU) was calculated. Equation 2 was used as expression for D s , while for boundary conditions (BC) the concentration at the bottom and the flux at the bottom of the profile were selected (Berg et al. 1998 ).
We did not consider the O 2 microprofiles in the DOU calculation when the difference between the in situ O 2 value and the value at which the microprofiles were carried out was [20 %.
Sediment core incubations 21-24 cores with an inner diameter of 3.6 cm were pre-incubated uncapped in a 40 L incubation tank filled with in situ bottom water. The overlying water in the cores was stirred with a magnetic bar driven by an external magnet at 60 rpm. The oxygen concentration in the water tank was adjusted to the bottom water oxygen concentration by bubbling with the appropriate mixture of N 2 and air. On the day after sediment collection, a minimum of five cores from each station were closed with caps while stirring (60 rpm) in order to determine net fluxes of dissolved O 2 , NH 4 ? , NO 3 -, NO 2 -, and total inorganic PO 4 3-. The incubation time was set after a preliminary evaluation of the sediment oxygen consumption rates, in order to avoid O 2 concentrations decreasing below 20 % of the initial value . The sediment cores were incubated for a period of 6-12 h. At the beginning and at the end of the incubation water samples were taken from the incubation tank (n = 4) and from each core, respectively. The water samples were immediately filtered through GF/F Whatman filters and frozen for later determination of nutrient concentrations. The concentration of dissolved oxygen was measured prior and after the incubation in the water overlying the sediment with an oxygen mini-electrode (OX-500, Unisense). The oxygen mini-electrode was calibrated prior to each measurement according to the manufacturer's recommendation.
Simultaneously, a minimum of 16 cores from each sampling site were incubated to determine the rates of denitrification, anammox and DNRA, according to the revised-isotope pairing technique (r-IPT) (RisgaardPetersen et al. 2003; Bonaglia et al. 2013 -analysis in order to calculate the ratio between unlabeled and labeled NO 3 -. The incubation started after a lag time, which was necessary to establish a linear production of 15 N-N 2 within the sediment . At the beginning of the incubation the cores were capped with rubber stoppers so that no air bubbles formed and the water was mixed by externally driven magnetic bars. One core of each concentration series was sampled right after the lag time passed, in order to evaluate the background concentration of 15 N-N 2 . The incubation lasted between 6 and 12 h, during which time O 2 concentration did not decrease by more than 20 % of the initial value. The incubation was terminated by mixing the water phase with the upper 7-8 cm of sediment, coinciding with the bioturbated part of the sediment. Slurry samples were collected in 7.7 mL Exetainer vials (Labco Scientific, UK), and 100 lL of a 7 mol L -1 ZnCl 2 solution was added to stop bacterial activity. Subsequently the samples were analyzed for the 29 N 2 / 28 N 2 and 30 N 2 / 28 N 2 ratios, as described below. An additional sample of the slurry was withdrawn from each core, treated with 2 mol L -1 KCl, centrifuged, filtered, and immediately frozen at -80°C to determine the 15 NH 4 ? fraction for calculation of DNRA rates. A summary of the incubations and the substrates added is given in Table 2 .
Slurry incubations
Potential nitrification rates (PNRs) were measured in oxic slurries enriched with NH 4
? . Briefly, 2 mL of fresh sediment were collected from the surface sediment layer (*1 cm) and suspended in 40 mL of GF/F-filtered in situ water, amended with NH 4
? to a final concentration of 100 lmol L -1 NH 4 ? . The slurries (n = 3 for each station) were mixed on a shaker table in the dark and at in situ temperature. After a preincubation period of 15 min the slurries were subsampled, centrifuged, and the supernatant was filtered and frozen for later analysis of initial NH 4
? , NO 3 -and NO 2 -concentrations (DIN). The slurries were incubated for up to 12 h and thereafter sampled again for the determination of the final DIN concentrations.
The anammox contribution to total N 2 production in sediments was evaluated by means of anoxic slurry incubations performed in 7.7 mL Exetainer vials (Labco Scientific). 2 mL of fresh sediment were collected from the topmost 1.5 cm and transferred to each Exetainer, which was subsequently filled with anoxic bottom water. The slurries (n = 20 for each station) were preincubated overnight, so that residual O 2 and NO 3 -were used up. Sediment and water were continuously mixed by placing the vials on a rotating stirrer, and a glass bead was added in each vial. ? to calculate the relative contribution of anammox to the total N 2 production using the equations reported in Thamdrup and Dalsgaard (2002) . Duplicate samples were killed directly after the addition of substrates by injecting 100 lL of 7 mol L -1 ZnCl 2 to each Exetainer. The incubation was terminated after 12 h. No additional time points were taken because earlier experiments showed that the increase in total N 2 production over 24 h of incubation was linear (Bonaglia, unpubl. data) .
Laboratory analysis and calculations
Samples for concentration and stable isotope composition of organic carbon and N were treated with 2 N HCl to remove inorganic carbon. Subsequently, samples were freeze-dried, homogenized, and weighed into silver (C) and tin (N) capsules. The analyses were performed with an elemental analyzer (Carlo Erba NC2500) coupled to an isotope ratio mass spectrometer (Delta V Advantage, Thermo Scientific). Isotopic compositions are reported using the conventional delta notation, which reports the isotopic composition of a sample as the % deviation of a sample relative to atmospheric N 2 (d 15 N) and relative to PDB (d 13 C). IAEA reference materials N1, N2, and NO3 were used for d
15 N and CO-1, CO-8, NBS18, and NBS19 for d 13 C. Peptone was used as internal lab standard. Based on the analyses of these standards the analytical precision was ± 0.2 %.
DIN species (NH 4 ? , NO 3 -, NO 2 -) and PO 4 3-were determined on a segmented flow autoanalyzer system (ALPKEM, Flow Solution IV). Precision was ± 0.036 lmol 
for NO 2 -, and ± 0.016 lmol L -1 for PO 4 3-. Net fluxes of solutes were calculated according to Bonaglia et al. (2013) . Positive values represent effluxes while negative values represent sediment uptake.
The abundance and concentration of 29 N 2 , and 30 N 2 in the denitrification and anammox experiments were determined by gas chromatography-isotope ratio mass spectrometry modifying a setup described in Holtappels et al. (2011) . Samples were injected on-column on a 2 m stainless steel packed Porapak Q column (Supelco). Water was trapped by a liquid nitrogen trap and O 2 was reduced by passing the gas through a copper column heated to 650°C. Samples were introduced to the mass spectrometer through an open split interface (Conflo IV, Thermo Scientific) and analyzed on a Delta V Advantage (Thermo Scientific). 15 lL of air were injected after every 5th sample as standard. Rates of anammox and denitrification were calculated following the procedures described by Thamdrup and Dalsgaard (2002) and Risgaard-Petersen et al. (2003) .
In order to measure the isotopic composition of the NH 4
? pool, an aliquot of the slurry extract was analyzed by the phenol hypochlorite-indophenol blue method of Solorzano (1969) , while another aliquot was transferred to 7.7 mL Exetainers, degassed with helium and treated with a hypobromite-iodine solution to oxidize NH 4 ? to N 2 ). The conversion was tested with standard solutions of NH 4
? and was always [80 %. The isotopic composition of the N 2 pool, which reflects the composition of the NH 4 ? pool, was determined using the same procedure as described for denitrification and anammox samples (GC-IRMS).
Anammox presence was tested with anoxic slurries amended with 15 
NH 4
? (Thamdrup and Dalsgaard 2002) , and with cores incubated at different 15 NO 3 -concentrations (Risgaard-Petersen et al. 2003) . When anammox was not detected production of N 2 (=denitrification) was estimated following the isotope pairing technique (IPT) by Nielsen (1992) , otherwise N 2 production (=denitrifi-cation ? anammox) was likewise calculated referring to the revised-IPT (r-IPT) described in Risgaard-Petersen et al. (2003) . In the presence of anammox two different methods were used to calculate denitrification and anammox rates, corresponding to method 1 and method 2 described in Trimmer et al. (2006) . Briefly, both methods express the total N 2 production (p 14 ) as a function of r 14 , the ratio between 14 NO 3 -and 15 NO 3 -in the zone where NO 3 -reduction occurs:
where p 29 N 2 and p 30 N 2 are the production rates of 29 N 2 and 30 N 2 , respectively. The parameter r 14 can be estimated from:
where ra is the contribution of anammox to N 2 production measured through the procedure described by Thamdrup and Dalsgaard (2002) -amendments using Eqs. 5 and 6. Anammox rate (aao 14 ) was calculated in both methods according to the formula:
Genuine denitrification rate (den 14 ) was calculated from the equation:
The total production of N 2 was split between production dependent on NO 3 -diffusing into the sediment from the bottom water (p 14 w) and production dependent on sedimentary nitrification (p 14 n) expressed as:
where r 14 w is the ratio between the concentrations of 14 NO 3 -and 15 NO 3 -in the water column. Total DNRA rates were calculated modifying the equation described in Risgaard-Petersen and , and were estimated from the production of 15 NH 4 ? (p 15 NH 4 ? ) multiplied by r 14 . In order to present an annual budget for the N cycling processes nitrification and ammonification were estimated from nutrient and oxygen fluxes. Nitrification rates were calculated by the sum of NO 3 -efflux and p 14 n, assuming absence of benthic microalgae (Rysgaard et al. 2004) . Ammonification has to be considered as a potential ammonification rate and was calculated dividing the TOU by the C/N ratio, assuming a CO 2 /O 2 ratio of 1.2 (Dalsgaard 2003) . Denitrification efficiency (DE), sensu Eyre and Ferguson (2009) , was calculated as the ratio between the DIN flux and the N 2 production via denitrification/anammox.
Statistical analyses
Statistical tests were performed in order to detect differences in solute fluxes and process rates between stations. Homogeneity of variance of the dataset was checked using Cochran's test. Since the variance was generally found to be heterogeneous, non-parametric tests were used (Kruskal-Wallis and Mann-Whitney). The level of significance was set to p \ 0.05. Correlations between denitrification/anammox and environmental factors were tested using the Pearson's Correlation Coefficient (r). Statistical analyses were performed with Statistica 8 (StatSoft, Inc.) and R statistical package (RDevelopment Core Team 2011). All measurements are reported as average value with associated standard error.
Results
Physicochemical bottom water characteristics
Bottom water temperatures varied between 1.5 and 9.2°C. Temperatures generally peaked in August and varied more at the inner than the outer stations (Table 1) . Salinity ranged between 6.4 and 7.3 and was highest at station B1 and decreased towards the head of the estuary (Table 1) .
At station B1, the lowest bottom water O 2 concentration was recorded in May (140 lmol L -1 ), while at stations H2 and H4, the lowest concentrations (223 and 187 lmol L -1 , respectively) occurred in August (Table 1) . Hypoxia (O 2 concentration\63 lmol L -1 , as defined by Rabalais et al. (2010) ) never appeared at these three stations during the sampling periods, whereas at station H6 hypoxic bottom waters occurred in October (55 lmol L -1 , corresponding to 15 % saturation). Bottom water nutrient concentrations were slightly higher at station H6 than at the other stations ( Stations B1, H2 and H4 had bioturbated and oxidized sediment down to 5-7 cm depth below which the color was grey-black, and the sediment smelled of hydrogen sulfide. Sediments at B1 and H2 were colonized yearround by the polychaete Marenzelleria spp., whereas sediment at H4 was also inhabited by the bivalve Macoma balthica. Sediment porosities ranged between 0.85 and 0.91 at B1 and H2, while they were lower at H4 (0.77-0.85) ( Table 1) . At Station H6 the sediment was very aqueous and difficult to sample, with porosities ranging between 0.90 and 0.97 (Table 1) . Here macrofauna was never observed and the surface sediment color changed over the year. In January the surface was characterized by a 1-cm thick brown layer; in October, however, the surface was covered by Beggiatoa mats. In June and August a very thin (1-3 mm) oxidized brown layer was present on the sediment surface. The organic carbon content of the surface sediment was higher at stations B1 and H6 where it ranged between 4.3 and 6.1 % dry weight, whereas it was slightly lower (2.5-4.2 %) at stations H2 and H4 (Table 1) . The molar C/N ratios in the surface sediment ranged from 7.9 to 9.8 (Table 1) , and on an annual scale they were lower at H6 (8.4), intermediate at B1 and H2 (8.6 and 8.9, respectively) and higher at H4 (9.2). d
13 C values were more negative at station H6 (range -26.4 to -24.9 %) than at the other three stations (range -24.8 to -23.6 %) ( Table 1) . d 15 N values decreased toward the opening of the estuary and were between 6.8 and 8.4 % at stations H6 and H4, between 5.1 and 5.6 % at station H2, and between 3.9 and 4.5 % at station B1 (Table 1) .
Concentrations of nitrite (NO 2 -) in the sediment porewater were very low and always \0.9 lmol L -1 . Porewater concentrations of NO 3 -at stations B1, H2, and H4 generally showed a peak in NO 3 -in the topmost sediment layer (0-1 cm). This pattern was less evident at station B1 in May and absent in all porewater profiles from station H6, where NO 3 -rapidly decreased from the surface of the sediment downward indicating minimal nitrification (data not shown). At stations B1, H2 and H4 porewater NH 4 ? concentrations increased considerably only below 2 cm depth, whereas at H6 (all samplings) and at B1 in May NH 4
? immediately increased from the sediment surface downward (Fig. 2) . Porewater profiles of DIP generally followed the trends found for NH 4 ? but the concentrations were always lower. In most cases the upper part of the profiles was linear and the diffusive fluxes of NH 4
? and DIP could be calculated using the Fick's first law of diffusion. N/P ratios higher than Redfield's ratios occurred only at H4 in January (19.2), whereas minimum values were recorded at H6 in October, at the sediment surface (2.1) (Fig. 2) . DIN and DIP fluxes, O 2 microprofiles and uptake rates NO 2 -fluxes were negligible and always lower than 0.9 ± 0.4 lmol N m -2 h -1 . NO 3 -fluxes from the sediment were always positive at stations B1, H2 and H4 (range 3.2 to 21.5 lmol N m -2 h -1 ) whereas at station H6, NO 3 -always diffused from the water column into the sediment (range -19.1 to -6.3 lmol N m -2 h -1 ), except for January when a low efflux was recorded (0.6 ± 0.4 lmol N m -2 h -1 ) ( Table 3 ). The NH 4 ? fluxes were significantly higher (range 29.5-236.5 lmol N m -2 h -1 ) (p \ 0.001) at station H6 than at the three outer stations. In October, when the bottom water was hypoxic at station H6, the efflux of NH 4
? was three times higher compared to the other sampling periods (Table 3) whereas at stations B1, H2 and H4 the fluxes of NH 4
? were not significantly different from each other (p [ 0.05) and were always less than 9.7 ± 3.2 lmol N m -2 h -1 . A comparison of diffusive NH 4
? fluxes calculated from porewater depth gradients and rates measured by core incubations showed that the two methods only agreed well at station H6, except for October when measured fluxes were almost twice as high as the calculated ones (Table 3) . At the other three stations there were more conspicuous differences (Table 3) .
At station H6 DIP effluxes were high when they coincided with bottom hypoxia (October; 97.2 ± 11.9 lmol P m -2 h -1
) and low when the bottom waters were oxic and bottom water temperatures were the highest (August; 12.0 ± 5.4 lmol P m -2 h -1
). By contrast, the DIP flux was weakly negative, when the bottom waters were cold and oxic (January; -1.8 ± 0.2 lmol P m -2 h -1 ) ( Table 3) . At the other stations, the fluxes were positive throughout the year and were always lower than 3.3 ± 0.4 lmol P m -2 h -1
, with little seasonal or spatial variation (p [ 0.05). The fluxes of DIP calculated from porewater profiles and measured by core incubation were similar at station H6 (Table 3) . Since macrofauna was absent at this muddy station throughout the year we assume that molecular diffusion was the dominant transport process. At the other stations, however, the measured whole-core fluxes were consistently higher than the calculated diffusive fluxes (Table 3 ). This observation is consistent with the higher abundance of bioturbating infauna at these stations.
Total O 2 uptake (TOU) was generally higher at station B1 compared to stations H2, H4 and H6 (Table 3) Table 3 Average benthic fluxes of nitrate, ammonium and phosphate from core incubations (measured ± standard error, n Average oxygen uptake rates from core incubations (total), modeled oxygen microprofiles (diffusive) and relative ratios H6 the seasonal pattern of TOUs differed from the other sites: the lowest TOU was measured in October (-233 ± 10 lmol O 2 m -2 h -1 ) ( ) when bottom water oxygen was higher. The oxygen penetration depth (OPD) had a similar seasonal pattern at B1, H2, and H4 where it ranged between 0.25 and 0.38 cm in the period from June to October, with the minimum in August (Table 1 ). The OPD increased significantly to 0.61 and 0.90 cm in January at stations B1 and H4, respectively. At these stations, the diffusive oxygen uptake (DOU) was always lower than the TOU and ranged from -201 to -827 lmol O 2 m -2 h -1 (Table 3 ). The differences between the in situ O 2 value and the value at which the microprofiles were carried out were \20 % (Table 1) , thus we consider the calculated DOU valid. In general, the ratio between TOU and DOU varied more between sampling periods than between the sampled sites (Table 3) . TOU/DOU ratio was higher in June (1.9), and lower in August, October and January (1.2-1.3) ( Table 3 ). The lowest OPDs were measured at station H6 ranging from 0.13 cm in October to 0.24 cm in January. At H6, due to significant differences ([ 20 %) between the in situ O 2 concentration and the value in the water overlying the sediment cores while profiling, it was only possible to calculate a reliable DOU (-549 lmol O 2 m -2 h -1
) and TOU/DOU ratio (1.1) for January (Table 3) ), which indicates that anammox bacteria were not present or not active at this station. The values used in the calculations (V, r 14 and ra) are reported in Supplementary Table 1 . Values for ra differed depending on the method used. In intact cores ra accounted for 0-19.1 %, while in anoxic slurries ra was lower (range from 0 to 10.6 %) (Fig. 3a) . Slurry incubations may underestimate the anammox contribution to N 2 production (Trimmer et al. 2006) . Therefore in the text and the graphs of Fig. 3a we refer to N 2 production rates preferentially from intact core incubations. When anammox was not detected with this method, N 2 production and anammox contribution were estimated from the anoxic slurry experiments. When both methods failed in detecting anammox the standard IPT procedure was applied to calculate denitrification rates. Anammox rates were higher at H4 and H2 (ranging between 0.5 and
) (Fig. 3a) . Both anammox rates and ra negatively correlated with sedimentary organic C and N content (Table 4) .
Total N 2 production in Himmerfjärden sediments was mainly sustained by denitrification (Fig. 3a) . There was a pronounced seasonality in denitrification rates at stations B1, H2, and H4 (Fig. 3a) , with higher rates measured in August (17.5 ± 0.8, 13.3 ± 0.7, 14.9 ± 0.5 lmol N m -2 h -1 , respectively) than in May and January (\ 6 lmol N m -2 h -1 ). At station H6 denitrification showed a different seasonal variation. Here den 14 was very low during the hypoxic period in October (1.7 ± 0.3 lmol N m -2 h -1 ), moderately low in June and August (4.0 ± 0.7, 8.3 ± 1.4, respectively), and highest in January (15.3 ± 0.8 lmol N m -2 h -1 ). At stations B1, H2 and H4[80 % of the N 2 production was sustained by nitrification (p 14 n) (Fig. 3a) , while at station H6 p 14 n was only higher than p 14 w in January, when it was responsible for 72 % of total N 2 loss. However, p 14 w dominated during the rest of the year at H6 ([59 %). At B1, H2 and H4 denitrification rates positively correlated with temperature and negatively with DOU, OPD and TOU (Table 4) .
At station H6 rates of dissimilatory nitrate reduction to ammonium (DNRA) peaked at 29.9 ± 3.9 lmol N m -2 h -1 in October (Fig. 3b) , which was seventeen times higher than the corresponding denitrification rates. In June and August DNRA rates were in the same order of magnitude as the N 2 production rates (5.0 ± 1.2 and 3.20.7 lmol N m -2 h -1
, respectively) and in January the DNRA rate was almost zero (0.
). At the three less anthropogenically impacted stations the importance of DNRA was significantly lower (p \ 0.001), the rates being always below 0.7 ± 0.1 lmol N m -2 h -1 and accounting for only 0-3.9 % of the total NO 3 -reduction rates. PNRs showed a seasonal trend similar to N 2 removal via p 14 n (data not shown). At station B1, H2 and H4 PNRs did not vary significantly between seasons (p [ 0.05) and they were always between 11.8 ± 0.2 and 26.7 ± 3.9 nmol N mL -1 h -1 . Station H6 had similar PNRs rates in January (10.0 ± 0.6 nmol N mL -1 h -1 ), but negative conversion rates in August and October (-2.6 ± 1.6 and -3.8 ± 0.3 nmol N mL -1 h -1 , respectively) indicating that NO 3 -was not produced but was preferentially consumed during the experiment, therefore PNR represents net nitrification rates.
DE ranged between 39 and 45 % at stations B1, H2, and H4, whereas at H6 DE was only *7 %. This implies that at H6 most of the regenerated NH 4
? was recycled to the water column (Fig. 4) .
Discussion
Organic matter sources and benthic nitrogen and carbon mineralization
The negative stable carbon isotope signature (-26 % vs. PDB) of sediment organic matter in the inner part of the estuary (station H6) suggests the dominance of terrestrially derived organic matter. Our measured values agree well with those of a previous study on the spatial distribution of stable N isotopes in Himmerfjärden sediments about 10 years ago (Savage et al. 2004) . Since terrestrial runoff is minor in Himmerfjär-den, this signal is most likely derived from the present Table 4 Pearson's correlation coefficients between environmental factors and average denitrification rates, anammox rates and anammox contribution to N 2 production, using average values (n = 13) pooled from B1, H2 and H4 and historical discharge of organic matter from the STP (Savage et al. 2004) . Anthropogenic organic loading is also supported by the gradient of d 15 N from the inner estuary at stations H4 and H6 to the outer stations, which can be attributed either to the influence of the STP discharge (Savage et al. 2004) , to higher contribution of cyanobacterial biomass of sediment N at the outer stations H2 and B1, or to stronger NO 3 -assimilation or denitrification (Brandes and Devol 1997) in the inner estuary. The latter process, however, can largely be excluded for most of the year close to the STP because heterotrophic denitrification was generally low in the estuary, and accounted for \5 % of the total carbon mineralization.
The denitrification rates reported in the present study are similar to those measured in the northern part of the Baltic Sea, the Gulf of Bothnia, but 50 % lower than those found in the southern Bothnian Sea (Stockenberg and Johnstone 1997) . Our rates are at least twice as high as rates previously measured in sediment from the open Baltic Proper (Tuominen et al. 1998; Deutsch et al. 2010) , generally comparable to those measured in the Gulf of Finland (Hietanen and Kuparinen 2008; Jäntti et al. 2011 ), but 1.5 to twofold lower than those in muddy sediments of the southern Baltic Sea (Deutsch et al. 2010) . Compared to measurements in other coastal settings worldwide, our rates and those reported in previous studies from the Baltic are generally low (Seitzinger 1988; Steingruber et al. 2001) . Denitrification rates did not correlate with organic carbon content, contrasting with the observations from a previous work on sedimentary denitrification in the Baltic (Deutsch et al. 2010 ). However, Deutsch et al. (2010) found a broader range of organic carbon concentrations at their stations than what we measured in Himmerfjärden. Moreover, bulk organic carbon does not discriminate between the easily degradable and more refractory pools and is therefore a poor proxy for carbon bioavailable for remineralization (Arnosti and Holmer 2003; Dittmar and Paeng 2009) . Fig. 4 Representation of principal annual N and P pathways and rates investigated in this study. All rates are reported as lmol m -2 h -1 and consist of annual average ± standard error. DE is denitrification efficiency and N/P indicates ratios of the annual average between DIN and DIP effluxes. Ammonification and nitrification were not measured in this study and were estimated from oxygen and nutrient fluxes (see ''Materials and methods'' section for details) Biogeochemistry (2014) 119:139-160 153 At stations B1, H2 and H4 differences in denitrification rates between sampling intervals are better explained by bottom water temperature, as suggested by the positive correlation between denitrification and temperature. In general this is expected since denitrification in marine sediments is a temperature dependent process (Rysgaard et al. 2004 ). On the other hand, our finding is in contrast with other studies from temperate estuaries and coastal systems, where lower denitrification rates were observed in summer during limiting NO 3 -and O 2 conditions Cabrita and Brotas 2000; Sundbäck et al. 2000) . At B1, H2 and H4, however, O 2 was never limiting and NO 3 -for denitrifiers was mainly generated through nitrification. Nitrifiers from temperate sediments usually respond exponentially to temperature increase (Thamdrup and Fleischer 1998) and have a higher Q 10 than denitrifiers ). In our system denitrification was negatively correlated with OPDs, DOU and, to a lesser extent, with TOU suggesting that the large seasonal variations in denitrification/nitrification rates can be related to a tight coupling between bottom water temperature, oxygen uptake and penetration depth. In May and January the temperatures were the lowest, and the TOU was low as well implying a low flux of oxygen. The synergistic effect of these conditions might have limited nitrification rates and in turn denitrification. In addition, the deep OPD in January suggests that the amount of reactive organic material for heterotrophic denitrification was lower (Cai and Sayles 1996) , which could also have lowered denitrification rates. Higher temperatures and high availability of NH 4
? in the summer would have counteracted these effects by stimulating nitrifying bacteria .
Oxygen consumption in Himmerfjärden sediments showed a strong seasonality and was affected by the variable oxygen concentrations in the bottom water, a feature typical of temperate marine coastal areas that continuously receive settling organic particles of terrestrial origin or from algal blooms and are characterized by significant seasonal temperature shifts (Bianchi 2007) . The overall sediment oxygen uptake at all four sites was in the same order of magnitude as reported from the southern and the western Baltic (Balzer 1984; Jensen et al. 1995) , the northern Baltic (Nedwell et al. 1983) , and the transition between the Baltic and the North Sea (Jørgensen and Revsbech 1989) .
Seasonal changes in temperature, the chemical environment of the porewaters, and the resultant effects on macrofaunal activity can explain a shift in the TOU/DOU ratio from 1.9 in June to nearly 1 for the rest of the year at stations B1, H2, and H4. It is likely that macrofauna was much more abundant and active in late spring, while it was negatively affected by reducing conditions during the summer and autumn. DOU could not be calculated at station H6 except from January when the ratio was ca. 1. Here hypoxia and highly reducing chemical conditions made the environment hostile to macrofauna and solute exchange across the interface was largely diffusive.
Although the oxygen consumption rates at the four stations were of the same order of magnitude, NH 4 ? effluxes were 10-to 400-times higher at station H6 than at the less impacted sites. Since C/N ratios and aerobic degradation processes in the surface sediments of all stations were comparable, NH 4
? removal processes such as nitrification and anammox were more relevant in the surface sediment of stations B1, H2, and H4 than at station H6, and DNRA and deep anaerobic mineralization of organic matter and ammonification were higher at H6. This is also supported by the observation that calculated production rates of NH 4
? (assuming a respiratory quotient of 1.2 and C/N ratios between 7.9 and 9.3, see Table 1 ) at station B1, H2 and H4 were much higher than the measured fluxes to the bottom water. An agreement between calculated NH 4
? production rates and measured fluxes was only observed at station H6, which suggests that nitrification and anammox were inhibited at this site.
N transformation pathways in Himmerfjärden
An important difference between stations B1, H2, H4 and station H6 is the direction of the NO 3 -flux, which was of the same order of magnitude, but out of the sediment at stations B1, H2, H4 and into the sediment at station H6. This implies that at B1, H2 and H4 a significant fraction (*25 %) of the NH 4
? produced via ammonification was coupled to nitrification (Henriksen et al. 1981) . However, a large fraction (69-78 %) of the NH 4
? was neither nitrified nor lost to the water column as dissolved NH 4 ? (Fig. 4) . This fraction could have been retained by adsorption, assimilated in the sediment by bacteria, or could have been lost from the sediment in the form of DON (Dalsgaard 2003) . NH 4
? adsorption was limited at station H6 because the sediment porosity was close to one, and the sites of NH 4
? exchange were likely saturated (Mackin and Aller 1984) . The mismatch between NH 4
? production and NH 4 ? loss may also suggest that our TOU rates overestimated the total mineralization rates, and that a significant fraction of the consumed O 2 was used for chemical and biological oxidation of reduced inorganic compounds that were produced by anaerobic metabolism and/or accumulated during hypoxic periods (Christensen et al. 1987) .
At B1, H2 and H4 about half of the produced NO 3 -was released to the water column while the other half was consumed via coupled nitrification-denitrification (Fig. 4) . At H6 only a very small amount of the produced NH 4 ? was nitrified (\4 %) and lost via p 14 n. Surprisingly, on an annual scale, the loss of fixed N as N 2 was comparable at the four sampling sites (*90 mmol N m -2 year -1 ) but at B1, H2 and H4 this amount was almost entirely derived from p 14 n due to low concentrations of NO 3 -in the water column and relatively stable oxic bottom water conditions. At station H6 p 14 w contributed more than p 14 n to total denitrification likely due to higher concentrations of NO 3 -supplied by the STP and more reducing sediments compared to the other sites ). Here, fixed N was lost via denitrification mainly during winter while in summer/autumn N was efficiently recycled in the system (Kemp et al. 2005) .
The data from Station H6 deserve special attention. DNRA was not a relevant process at stations B1, H2 and H4, but at the impacted station H6 in October DNRA rates were significantly higher than rates of denitrification, a typical characteristic of sulfidic, organic-rich sediments (Christensen et al. 2000; Nizzoli et al. 2006) . Here, bottom water oxygen concentrations played a major role in the regulation of NO 3 -reduction pathways: when oxygen was abundant, the black, sulfidic sediment surface was replaced by a thin layer of light-brown oxidized sediment in which nitrification could take place. The reoxygenation of the sediment surface stimulated nitrification and allowed denitrifying bacteria to reduce the regenerated NO 3 -pool to N 2 . As a consequence, at this site denitrification rates were highest in the winter when the temperatures were the lowest, and mostly supported by nitrification-denitrification. Nitrifying microorganisms have been shown to grow slower than denitrifiers both in sediments and in bioreactors (Dollhopf et al. 2005; Duan et al. 2009 ). Our findings suggest that the nitrifying microorganisms in this sediment either grew as rapidly as the denitrifying bacteria despite the low temperatures or that a large dormant nitrifying population was reactivated as oxygen concentrations increased.
When the bottom waters at station H6 were hypoxic and in situ NO 3 -concentrations were low (i.e., October), DNRA was the dominant NO 3 -reduction pathway. The disappearance of the superficial oxic zone coincided with the suppression of nitrification and, consequently, denitrification. It is likely that the high concentrations of dissolved sulfide close to the sediment surface in the inner part of Himmerfjär-den (Thang et al. 2013 ) suppressed nitrification. Observations of the surface sediment showed that it was black and populated by Beggiatoa spp, also suggesting high sulfide concentrations. These conditions favor chemolithoautotrophic DNRA over heterotrophic denitrification and DNRA; Beggiatoa and other sulfide oxidizers can couple the reduction of NO 3 -to NH 4 ? with sulfide oxidation (Brunet and Garcia-Gil 1996; Jørgensen and Nelson 2004) , whereas sulfide can inhibit denitrification (Sørensen et al. 1980) .
The results from the potential nitrification experiments further support these interpretations. Despite the presence of oxygen, NH 4
? was not oxidized in sediment from station H6 over the duration of the experiment. Instead, the slurry experiments in August and October indicated partial denitrification in the presence of oxygen: the average rate of NO 3 -consumption was 3.2 nmol N mL -1 h -1 while nitrite accumulation was 3.0 nmol N mL -1 h -1 and NH 4 ? accumulated at rates of 0.5 nmol N mL -1 h -1 . Slurry experiments from the other three stations always showed high potential NO 3 -production rates, and no accumulation of nitrite at the end of the experiments. DNRA rates were negligible at these stations and always lower than 1 lmol N m -2 h -1 indicating that NH 4
? was efficiently converted to NO 3 -. High DNRA activity in sediment cores incubated with 15 NO 3 -can interfere with the calculation of p 14 because it supplies the system with 15 
NH 4
? that can be used by anammox bacteria, resulting in anammox underestimation and p 14 overestimation (Hietanen 2007) . This effect was likely not significant in our case because anammox was not present where DNRA rates were high (station H6). Where anammox activity was detected (stations B1, H2 and H4) DNRA rates were low and they unlikely affected the ratio between 14 ? in the latter case. This could be due to the fact that even if DNRA was partially present at these stations, its effect in the anoxic slurries was either 1) masked by the high background ammonium concentrations (Song et al. 2013) ; 2) inhibited by the strong additions of NO 3 -(150 lM) to the slurries, as it was shown that nitrate ammonifiers are active in conditions where NO 3 -is limiting (Smith 1982; Bonin 1996; Kelso et al. 1997) .
Rates of anammox and denitrification from slurry incubations have to be considered potential because the nutrient concentrations were exaggerated (150 lmol N L -1 ), the amount of sediment used was small (2 mL in each vial), and the sediment structure was likely altered during sediment slicing and homogenization (Trimmer et al. 2006) . Therefore in this study potential rates from slurry incubations were not used apart from calculating the relative importance of anammox to N 2 production, when intact core incubations failed in detecting anammox. Anammox rates and anammox contribution to N 2 production were negatively correlated with organic carbon content, which indicate that in sediments with lower organic carbon contents anammox bacteria had a greater competitive advantage, possibly because of lesser substrate competition with denitrifying bacteria . Whether anammox contributes significantly to N 2 production in the Baltic sediments has been controversial. Deutsch et al. (2010) did not find anammox in the south and central Baltic Sea using sediment cores amended with different concentrations of 15 NO 3 -. However, as our data show, anammox cannot be totally excluded, due to the fact that this method seems not to be effective at low anammox activities (Supplementary Table 1) . Anammox was not measured previously in Himmerfjärden, and the rates measured in this study were low (generally \1.5 lmol m -2 h -1 ) but comparable to those from other Baltic Sea coastal areas in the Gulf of Finland (Hietanen 2007; Hietanen and Kuparinen 2008; Jäntti et al. 2011) .
Previously reported denitrification rates in Himmerfjärden were on average 33 lmol m -2 h -1 (Elmgren and Larsson 1997), which is a factor three higher than the rates found in this study. Although it is possible that this difference is due to the fact that in this earlier study sediment was taken from shallower depth where temperature and deposition of fresh organic matter may have been higher, we consider this explanation less likely. More importantly, when these earlier experiments were carried out, the DIN discharge from the STP was three times higher than today (763 t N year -1 in 1988-1989 compared to 230 t N year -1 in 2011) and bottom water hypoxia was more widespread than today. This would have led to significantly higher bottom water NO 3 -levels and p 14 w rates. It is conspicuous that the threefold drop in denitrification agrees so well with the decrease in DIN discharge from the STP. The drop in denitrification rates could be even more significant when considering that the acetylene inhibition method used in the Elmgren and Larsson (1997) study tends to underestimate rates of denitrification because of potential coinhibition of nitrifying bacteria (Steingruber et al. 2001) . Furthermore, in the 1980s and early 1990s the sediment hosted different communities of bioturbating fauna dominated by the amphipods Monoporeia affinis and Pontoporeia femorata (Elmgren and Larsson 1997) , whereas today the widespread polychaete Marenzelleria spp. dominates benthic macrofauna (Elmgren and Larsson 1997; Karlson et al. 2011) . Karlson et al. (2005) showed that the bioturbation activity of M. affinis stimulated N 2 removal compared to non-bioturbated sediment, whereas recent experiments with conditioned sediment with and without Marenzelleria spp. demonstrated that denitrification rates were even lower in the presence of the polychaete (Bonaglia et al. 2013) .
Stoichiometry of N and P regeneration
On an annual scale, molar N/P ratios of benthic fluxes were 9.7 ± 2.5 at station B1, 7.6 ± 1.6 at station H2, 8.0 ± 1.8 at station H4, and 4.2 ± 0.6 at station H6. The N/P ratios of additional external N sources for Himmerfjärden are insufficient to reach a Redfield N/P ratio of 16 (Savage et al. 2002) . Since the DIN effluxes reported here are in the range of values from previous studies of Baltic sediments (Tuominen et al. 1999) , we attribute the low N/P ratios to the high PO 4 3-effluxes. To our knowledge, the DIP efflux measured at station H6 in October (97.2 lmol P m -2 h -1 ) is the highest reported for any Baltic Sea station to date. There are no published sediment DIP fluxes from Himmerfjärden to compare to our data, but the DIP fluxes and N/P ratios measured from hypoxic/anoxic Baltic Sea sediments were in the range of the lower rates at station H6 (Viktorsson et al. 2013) . Interestingly, during our sampling campaign this station was never anoxic but only seasonally hypoxic suggesting that DIP fluxes could be even higher under fully anoxic conditions (Viktorsson et al. 2012) . Strongly reducing conditions and dissolved sulfide appearing close to the sediment surface in the inner part of the estuary (Thang et al. 2013) would have quickly consumed the oxygen present in the near bottom water. In turn, this would have limited the formation of iron oxyhydroxides and, therefore, limited the scavenging of dissolved P. The high fluxes (and the low N/P ratios) we measured in the inner Himmerfjärden can be thus related to high organic matter supply, high mineralization rates, and low retention of P by metal oxides as was suggested for other coastal areas in the Baltic Sea (Lukkari et al. 2009 ).
Conclusions and ecosystem implications
We assessed the degree of sedimentary N loss and the stoichiometry of the regenerated N and P along a eutrophication gradient showing that hypoxia and high nutrient loading-recurring conditions in the inner part of the estuary-favor N and P recycling over N loss and P retention (Christensen et al. 2000; Kemp et al. 2005 ). This has a positive feedback for eutrophication and the potential recurrence for summer cyanobacteria blooms. However, two out of three stations situated in Himmerfjärden have very similar rates and N cycling processes relative to the ''control'' station, situated outside the estuary and representing relatively pristine coastal sediments. These sites did not have significantly different sediment types and organic carbon contents. An interesting implication is that the anthropogenic discharge 9 km away from the STP had little effect on the microbial nitrogen transformation pathways, albeit not necessarily the rates. Apparently, at these sites, seasonal variations in temperature, together with oxygen uptake and penetration depth, exerted the strongest control on nitrification, which in turn regulated denitrification rates. This confirms that in temperate coastal areas with low NO 3 -concentrations in the water column, seasonal variations in bottom water temperature might be an important environmental factor in controlling N cycling processes (Hietanen and Kuparinen 2008) .
We estimated the sedimentary N loss and the internal N and P loadings by multiplying the annual rates of N 2 production and the nutrient fluxes by the surface areas of the sub-basins within Himmerfjärden reported by Engqvist and Omstedt (1992) . About 383 t N year -1 are recycled between the sediment and the water column in the system mainly through benthic NH 4
? efflux. This value is significantly lower than the external sources of N from the catchment area (runoff, input from the upper lake Mälaren, and STP) that were estimated to be approximately 850 t year -1 (Savage et al. 2002) . By contrast, the calculated internal loading of P (132 t year -1 ) was almost three times higher than the external loading of 45 t P year -1 reported by Savage et al. (2002) . The coastal sediments are therefore currently the major source of P for the Himmerfjärden waters, where they enhance primary production, and contribute to the blooms of N-fixing cyanobacteria.
The calculations also indicate that 221 t of N year -1 are permanently removed by denitrification (and, to a minor extent, by anammox) from the estuary, which is comparable to approximately 96 % of the DIN discharged annually by the Himmerfjärden STP. Considering the significantly higher denitrification rates during the late 1980's (Elmgren and Larsson 1997) when the anthropogenic DIN discharge to the estuary was threefold higher, these new data suggest that the Himmerfjärden estuarine system operates as an efficient catalyst, removing N as N 2 from anthropogenic and land-derived sources at loadings up to three times of the present N loading. We conclude that in the current situation denitrification in estuarine sediments is an efficient N sink for external N inputs, and acts as a buffer between land and the open ocean (Seitzinger 1988; Gruber and Galloway 2008) .
However, under expanding or permanent hypoxia, estuaries could undergo shifts to efficient N recycling, which would reduce the natural N loss and exacerbate eutrophication.
